J Wood Sci (2012) 58:185-194 
DOI 10.1007/sl0086-011-1236-4 


ORIGINAL ARTICLE 


Radial variations in the anatomical characteristics and density 
of the wood of Acacia mangium of five different provenances 
in Indonesia 


Widyanto Dwi Nugroho • Sri Nugroho Marsoem • Koh Yasue • Takeshi Fujiwara • 
Toshiko Nakajima • Masanori Hayakawa • Satoshi Nakaba • Yusuke Yamagishi • 
Hyun-O Jin • Takafumi Kubo • Ryo Funada 


Received: 27 May 2011/Accepted: 1 November 2011/Published online: 28 December 2011 
© The Japan Wood Research Society 2011 


Abstract The anatomical characteristics and density of 
wood were examined in 23-year-old Acacia mangium trees 
that had been planted in Yogyakarta, Indonesia. The seeds 
had been collected from trees of five different provenances. 
The distance from the pith of the boundary between juve¬ 
nile and mature wood was also examined to clarify the 
maturity of the wood. Lengths of wood fibers near the pith 
and the distance from the pith of the boundary between 
juvenile and mature wood differed significantly among 
provenances. By contrast, other anatomical characteristics 
of the wood such as fiber wall area, fiber wall thickness, 
fiber diameter, vessel lumen area, vessel diameter, vessel 
frequency and wood density did not differ significantly 
among provenances. Wood density was strongly correlated 
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with the area of fiber walls. Our observations suggest that 
Sidei and Daintree might be more appropriate provenances 
among those examined for the Acacia mangium tree¬ 
breeding programs in Indonesia that are aimed at improv¬ 
ing wood quality, because these provenances are associated 
with longer initial wood fibers and narrower juvenile areas 
than the other provenances studied. 

Keywords Acacia mangium • Anatomical characteristics • 
Seed provenance • Wood density • Wood quality 

Introduction 

Acacia mangium is one of the most important woody 
species in tropical and sub-tropical countries. Acacia 
mangium trees have been planted extensively because of 
their rapid growth, ability to adapt to soil with low fertility 
and relatively high acidity, the production of good-quality 
pulp and paper, the relative ease of cultivation and the 
positive response to selection efforts [1]. The trees grow 
naturally from the Moluccas and Irian Jaya in eastern 
Indonesia to the River Oriomo in western Papua New 
Guinea and the northeastern part of Australia [2]. In 
Indonesia, plantations of Acacia mangium were originally 
established for the production of pulp and paper. Recently, 
they have provided timber for solid wood, furniture and 
light construction and have, thereby, replaced the supply of 
logs from natural forests. 

Prior to December 2008, there were 227 units of 

/r 

industrial plantation forest (IPF) with 4.31 x 10 hectares 
planted in Indonesia [3]. Efforts to improve the produc¬ 
tivity of IPF have exploited intensive silvicultural tech¬ 
niques. The silvicultural efforts were initiated with the 
selection of appropriate species for planting [4] . Success in 
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the establishment and productivity of forest tree plantations 
is determined largely by the appropriate choice of seeds 
within species [5]. In Indonesia, breeding of Acacia man- 
gium trees has focused mainly on improving phenotypic 
features, such as survival rate, growth rate, fewer branches 
and stem form. However, the trees have been planted not 
only as a source of raw materials for the pulp industry, but 
also as a source of saw logs and, therefore, wood quality 
has become an important focus of breeding programs. In 
particular, the volume of juvenile wood should be mini¬ 
mized because of the low suitability of such wood for end 
products. 

Wood density is one of the most widely used parameters 
of wood quality, because it is closely correlated with many 
physical and technological properties [6]. Wood density is 
determined by aspects of wood structure, such as cell size 
and cell wall thickness. Therefore, variations in the struc¬ 
ture of wood have a significant impact on the quality and 
yield of pulp and paper products, and on the strength and 
utility of solid wood products. 

Significant differences among the properties and ana¬ 
tomical characteristics of wood have been recognized 
among provenances [6-10]. Therefore, differences in 
provenance might be expected to be closely related to the 
properties of wood. However, only limited information is 
available about differences in the properties of wood from 
Acacia mangium trees of different provenances. In this 
study, we examined radial variations in the anatomical 
characteristics and density of wood of Acacia mangium 
trees that had been grown from seeds of five different 
provenances, under identical conditions. The present 
results provide useful information for the selection of 
provenances for tree-breeding programs in Indonesia. 

Materials and methods 

Plant materials 

The materials were taken from the “Provenances Trial 
Site” in compartment no. 17 of Wanagama 1 Forest, an 


educational forest of the Faculty of Forestry, Gadjah Mada 
University, Yogyakarta, Indonesia. The Wanagama 1 For¬ 
est is located in Gunungkidul Regency, Yogyakarta Prov¬ 
ince, in the central part of Java (110° 30' 38"—110° 33' 03" 
E and 7° 53' 25"-7° 54' 52" S). Seeds were collected from 
several different provenances and seedlings were planted in 
1984 under identical growth conditions with 4 x 4 m 
spacing in a 0.35-ha area. Five straight trees, grown from 
seeds from each of the five provenances of Acacia man¬ 
gium trees, were examined. The provenances were Sidei 
provenance (Papua, Indonesia), West of Morehead prove¬ 
nance (Papua New Guinea), Daintree provenance 
(Queensland, Australia), Ellerbeck Rd. Cardwell prove¬ 
nance (Queensland, Australia) and El Arish provenance 
(Queensland, Australia). Twenty-five trees were felled in 
April 2007. The gross parameters of sample trees are 
shown in Table 1. Disks of wood were removed from main 
stems at the equivalent of 2 m above the ground and then a 
disk of wood from each tree was used for the measure¬ 
ments of the wood fiber length, characteristics of wood 
anatomy and wood density. Radial blocks were removed 
from each disk in both the north-facing and south-facing 
directions of original stems. Each radial block was divided 
into 2 parts, and then we used one block for the measure¬ 
ments of the wood fiber length and characteristics of wood 
anatomy and another one for the measurement of wood 
density. 

Measurements of wood fiber length 

Small pieces were removed continuously at 1-cm intervals, 
from pith to bark, from each radial block in both the north¬ 
facing and south-facing directions of original stems. The 
pieces of wood were macerated with Franklin solution, 
which is a mixture of equal volumes of glacial acetic acid 
and hydrogen peroxide, and heated at 60°C for 1 or 2 days 
[11]. Images of wood fibers were recorded under a light 
microscope (Axioscop; Carl Zeiss, Oberkochen, Germany) 
with a digital camera (Nikon Digital Sight DS-5M-L1; 
Nikon Corporation, Japan). Lengths of wood fibers were 
measured with image-analysis software (Image-J; National 


Table 1 Gross parameter of sample trees of Acacia mangium from five provenances (five trees for each provenance) 


Original provenance of seeds DBH (cm) Tree height (m) Height of free bole (m) 


Sidei 

21.3 

± 

9.0 

15.9 

± 

5.2 

10.1 ± 5.7 

West of Morehead 

25.8 

± 

2.0 

21.1 

± 

5.8 

10.9 ± 9.1 

Daintree 

22.9 

± 

9.4 

14.5 

± 

3.4 

9.2 ± 2.9 

Ellerbeck Rd. Cardwell 

27.7 

± 

10.4 

19.8 

± 

3.4 

11.8 ± 6.9 

El Arish 

25.2 

± 

5.5 

16.3 

± 

0.7 

8.9 ± 1.7 

P 

0.733 (ns) 

0.093 (ns) 

0.932 (ns) 


DBH diameter at breast height, P significance level, ns not significantly different 
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Institutes of Health, MD, USA). Fifty wood fibers in each 
sample were measured at random. 

Determination of the boundary between juvenile 
and mature wood 

The boundary between juvenile and mature wood is usually 
defined by the lengths of vessel elements, which are very 
similar to those of fusiform cambial cells [11, 12]. How¬ 
ever, vessel elements in most trees of Acacia mangium 
were reported previously to be of constant lengths, 0.2 mm, 
across the stem [13]. Kim et al. [14] reported that lengths of 
vessel elements were also relatively constant in the radial 
direction in an Acacia hybrid planted in Vietnam. In the 
present study, we examined the radial variation in lengths 
of wood fibers to determine the boundary between juvenile 
and mature wood. Fujiwara and Yang [15] proposed that 
the juvenile area should be defined as the zone in which 
cell length undergoes a rapid increase and that mature 
wood area should be defined as the zone in which cell 
length eventually reaches a constant value toward the bark. 
Honjo et al. [13], in Acacia mangium , defined the boundary 
between juvenile and mature wood as the area in which the 
rate of increase in the lengths of wood fibers (AD) reached 
0.3%. Therefore, we defined the boundary as the point 
where the rate of increase reached 0.3%, as proposed by 
Honjo et al. [13]. Variations in lengths of wood fibers were 
approximated by a logarithmic relationship to the distance 
from the pith. We calculated AD from the logarithmic 
curve as described by Shiokura [16] and Honjo et al. [13]. 
This method is illustrated in Fig. 1. Furthermore, we 
measured proportion of mature wood area according to the 
data of boundary between juvenile and mature wood area. 
The mature wood proportion was calculated as the ratio 


between mature wood area and total area of disk for each 
individual tree and expressed as percentage. 

Observation and measurement of characteristics 
of wood anatomy 

Since it is difficult to section the wood of Acacia mangium 
on a microtome, we softened samples prior to preparation 
of transverse sections. We boiled radial blocks of wood in a 
solution of glycerin in water (20%) for approximately 10 h, 
and then we divided the blocks into lxlxl cm blocks 
at 1-cm intervals from the pith to the bark. Then transverse 
sections of 15- to 20-pm thickness were sectioned on a 
sliding microtome (Yamatokohki, Saitama, Japan). The 
transverse sections were stained with 1 % safranin solution, 
mounted on glass slides, fixed with resin (Entellan New; 
Merck, Darmstadt, Germany) and covered with coverslips 
[17]. Images were recorded from each slide under the light 
microscope with the digital camera. Three digital images of 
transverse-sectional area of 35.3 x 10 pm were taken in 
each radial position to measure the fiber wall area (%), 
fiber wall thickness and fiber diameter. Fiber wall area (%) 
was defined as the ratio of total area of fiber wall per total 
area of measured image. Rays were excluded from total 
area of measured image. For the measurements of vessel 
lumen area (%), vessel diameter and vessel frequency 
(number of vessels/mm ), three digital images of trans- 
verse-sectional area of 8.1 x 10 pnU from each radial 
position were observed. The percentage of vessel lumen 
area was determined by calculating the ratio of total area of 
vessel lumens per total area of observed image. Fiber wall 
area (%), fiber wall thickness, fiber diameter, vessel lumen 
area (%), vessel diameter and vessel frequency (number of 
vessels/mm ) were determined with Image-J software. 


Fig. 1 Radial variation in 
length of wood fibers and its 
logarithmic curve for the Sidei 
provenance tree no. 1. The 
boundary between juvenile and 
mature wood was defined as the 
point where the rate of increase 
in lengths of wood fibers (AD) 
reached 0.3% 
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Observation and measurement of wood density 

The radial blocks from pith to bark in the north-facing and 
south-facing directions were trimmed into strips that were 
approximately 1.57-mm thick (longitudinally) with a pur¬ 
pose-designed twin-blade saw [18]. Strips were air dried, 
under restraining conditions to prevent warping, in a ther¬ 
mostatically controlled chamber (air temperature, 
20 zb 2°C; and relative humidity, 65%) for a week. Negative 
X-ray images of strips were recorded with a soft X-ray 
apparatus (Softex Co., Tokyo, Japan) on industrial X-ray 
films (Fuji Film Co., Ltd., Tokyo). The conditions for soft 
X-ray measurements were as follows: voltage 20 kVp; 
electric current 14 mA; lighting distance 2.2 m; and duration 
of irradiation for photography, 4 min. Films were washed 
several times and dried at room temperature in air. To 
measure wood density, we scanned the negative X-ray films 
in the radial direction using DENDR02003 X-ray analysis 
instrumentation (Walesch Electronics, Effretikon, Switzer¬ 
land) and collected density data at 10-pm intervals [19]. 
Wood densities near the pith, juvenile wood and mature 
wood were obtained from densitometric profiles. 

Analysis of data 

Analysis of variance was conducted to determine the sig¬ 
nificant differences of data on the gross parameter of sample 
trees, length of wood fibers, distance of boundary between 
juvenile and mature wood from pith, mature wood propor¬ 
tion, anatomical characteristics of wood and wood density 
among provenances. The length of wood fiber was analyzed 
at several positions on radial direction of disks, namely 
position near pith (1 cm from pith), boundary between 
juvenile and mature wood area, and near bark (1 cm from 
bark). For the anatomical characteristics of wood and wood 
density, data analysis was conducted at the position near the 
pith, juvenile wood area, and mature wood area. 

Statistical analyses were performed using SPSS statistical 
software (SPSS base 11.5 for Windows; SPSS Inc., Chicago, 
IL, USA). The data of each measured parameter were ana¬ 
lyzed using one-way analysis of variance (ANOVA) fol¬ 
lowed by Tukey’s post hoc test with the level of significant 
differences at P < 0.05. Linear regression analyses were 
carried out to analyze the relationship between the anatom¬ 
ical characteristics and the density of wood. 

Results and discussion 

Lengths of wood fibers 

The lengths of wood fibers of all provenances exhibited 
very similar radial variations. The wood fibers were 


shortest near the pith. They increased in length rapidly 
from near the pith to approximately 5 cm from the pith and 
then remained constant toward the bark (Fig. 2). A similar 
radial pattern was reported in Acacia mangium grown in 
Malaysia and Indonesia by Honjo et al. [13]. Kim et al. 
[20] reported that in an Acacia hybrid grown in Vietnam, 
the lengths of wood fibers were shortest near the pith and 
increased toward the bark. The wood fibers of several 
hardwoods are shortest near the pith and then their lengths 
increase rapidly and nonlinearly, reflecting a prominent 
characteristic of juvenile wood [15, 21]. 

The lengths of wood fibers of all provenances examined 
ranged from 0.53 to 0.61 mm near the pith and from 1.04 
to 1.08 mm near the bark (Table 2). Honjo et al. [13] 
reported that, in Acacia mangium from Malaysia and 
Indonesia, the wood fibers in the vicinity of the pith were 
0.4- to 0.6-mm long and varied in length between 0.9 and 
1.3 mm near the bark. In Acacia hybrid grown in Vietnam, 
the lengths of wood fibers ranged at around 0.5 mm near 
the pith and from 1.0 to 1.2 mm near the bark [20]. We 
found a significant difference (P = 0.001) in fiber lengths 
among provenances near the pith. Such a difference among 
lengths of wood fibers near the pith might be due to genetic 
factors. The Sidei and Daintree provenances had longer 
wood fibers near pith than the others. By contrast, lengths 
of wood fibers did not differ significantly among prove¬ 
nances in the boundary between juvenile and mature wood 
area (P = 0.584), near the bark (P = 0.494) and total 
average (P = 0.072). The pulp and paper industries require 
long wood fibers. Therefore, in an Acacia mangium 
breeding program, longer fiber length is one of the goals of 
improvements in wood quality. The Sidei and Daintree 
provenance might be more appropriate provenances for an 
Acacia mangium breeding program in Indonesia to increase 
the lengths of wood fibers in juvenile wood near the pith. 



S'^ei West of Morehead -A- Daintree 

-H- Ellerbeck Rd. Cardwell -o- El Arish 


Fig. 2 Radial variations in mean fiber length in Acacia mangium 
trees from five provenances (five trees for each provenance) 
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Table 2 Properties of the wood of Acacia mangium trees from five provenances (five trees for each provenance) 

Properties P Original provenances of seeds 

Sidei West of Daintree Ellerbeck Rd. El Arish 

Morehead Cardwell 


Fiber length (mm) 


Near pith 

0.00T 

** 

0.61 

± 

0.07 a 

0.54 

± 

0.06 b 

0.60 

± 

0.04 a 

0.53 

± 

0.05 b 

0.53 

± 

0.04 

Boundary between juvenile and mature wood 

0.584 

(ns) 

0.95 

± 

0.09 

0.93 

± 

0.07 

0.94 

± 

0.04 

0.95 

± 

0.07 

0.98 

± 

0.07 

Near bark 

0.494 

(ns) 

1.08 

± 

0.06 

1.07 

± 

0.03 

1.04 

± 

0.07 

1.08 

± 

0.08 

1.08 

± 

0.04 

Total average 

0.072 

(ns) 

0.94 

± 

0.05 

0.89 

± 

0.03 

0.90 

± 

0.05 

0.93 

± 

0.04 

0.94 

± 

0.06 

Distance of boundary between juvenile and mature 

0.016* 

46.8 

± 

3.7 a 

50.3 

± 

4.8 ab 

45.8 

± 

5.4 a 

50.1 

± 

3.5 ab 

52.0 

± 

3.1 b 

wood from pith (mm) 


















Mature wood proportion (%) 

0.985 

(ns) 

73.9 

± 

16.1 

78.8 

± 

20.4 

75.2 

± 

20.2 

79.5 

± 

20.2 

78.51 

± 

14.8 

Fiber wall area (%) 


















Near pith 

0.511 

(ns) 

48.4 

± 

10.3 

40.3 

± 

7.5 

46.8 

± 

6.1 

43.5 

± 

9.1 

45.8 

± 

3.2 

Juvenile area 

0.648 

(ns) 

57.9 

± 

6.5 

52.6 

± 

5.7 

55.5 

± 

5.0 

52.3 

± 

8.1 

54.7 

± 

6.6 

Mature area 

0.867 

(ns) 

64.3 

± 

4.8 

65.4 

± 

6.8 

65.0 

± 

8.8 

65.3 

± 

5.6 

68.5 

± 

5.8 

Total average 

0.939 

(ns) 

61.5 

± 

5.2 

60.1 

± 

5.5 

59.9 

± 

7.1 

58.5 

± 

7.9 

61.3 

± 

4.7 

Fiber wall thickness (pm) 


















Near pith 

0.478 

(ns) 

1.3 

± 

0.2 

1.1 

± 

0.1 

1.3 

± 

0.2 

1.2 

± 

0.3 

1.3 

± 

0.2 

Juvenile area 

0.322 

(ns) 

1.9 

± 

0.2 

1.6 

± 

0.1 

1.7 

± 

0.3 

1.6 

± 

0.4 

1.6 

± 

0.2 

Mature area 

0.711 

(ns) 

2.5 

± 

0.2 

2.5 

± 

0.2 

2.6 

± 

0.1 

2.6 

± 

0.2 

2.6 

± 

0.1 

Total average 

0.880 

(ns) 

2.1 

± 

0.2 

2.0 

± 

0.1 

2.2 

± 

0.2 

2.1 

± 

0.3 

2.1 

± 

0.1 

Fiber diameter (pm) 


















Near pith 

0.423 

(ns) 

26.5 

± 

2.7 

26.3 

± 

2.5 

27.8 

± 

1.8 

26.7 

± 

2.8 

28.7 

± 

1.0 

Juvenile area 

0.656 

(ns) 

25.7 

± 

1.5 

25.5 

± 

1.8 

25.4 

± 

1.2 

24.9 

± 

1.6 

26.4 

± 

1.6 

Mature area 

0.568 

(ns) 

23.7 

± 

0.7 

24.3 

± 

1.4 

23.5 

± 

1.4 

23.1 

± 

1.4 

24.1 

± 

1.1 

Total average 

0.525 

(ns) 

25.1 

± 

1.8 

24.9 

± 

1.4 

24.7 

± 

1.2 

23.8 

± 

1.3 

25.2 

± 

1.4 

Vessel lumen area (%) 


















Near pith 

0.579 

(ns) 

7.4 

± 

2.9 

5.5 

± 

1.6 

6.1 

± 

1.1 

6.9 

± 

1.8 

5.9 

± 

2.4 

Juvenile area 

0.489 

(ns) 

10.0 

± 

2.7 

8.4 

± 

1.3 

8.6 

± 

0.9 

9.2 

± 

0.5 

8.5 

± 

1.6 

Mature area 

0.570 

(ns) 

16.7 

± 

3.5 

16.2 

± 

4.4 

17.1 

± 

3.4 

16.6 

± 

3.6 

13.8 

± 

1.2 

Total average 

0.411 

(ns) 

12.3 

± 

1.4 

11.9 

± 

1.3 

12.4 

± 

2.2 

12.4 

± 

1.0 

10.9 

± 

1.1 

Vessel diameter (pm) 


















Near pith 

0.847 

(ns) 

102 

± 

34 

85 

± 

19 

91 

± 

22 

102 

± 

33 

98 

± 

31 

Juvenile area 

0.867 

(ns) 

126 

± 

28 

119 

± 

14 

115 

± 

19 

129 

± 

25 

125 

± 

25 

Mature area 

0.978 

(ns) 

146 

± 

24 

153 

± 

26 

148 

± 

25 

155 

± 

27 

149 

± 

23 

Total average 

0.982 

(ns) 

136 

± 

27 

138 

± 

25 

132 

± 

29 

142 

± 

31 

136 

± 

24 

Vessel frequency (number of vessels/mm“) 


















Near pith 

0.774 

(ns) 

9.4 

± 

1.6 

9.8 

± 

3.7 

9.7 

± 

3.6 

8.9 

± 

1.7 

7.9 

± 

1.3 

Juvenile area 

0.424 

(ns) 

8.1 

± 

1.4 

7.9 

± 

1.5 

8.5 

± 

1.1 

7.5 

± 

1.3 

7.1 

± 

0.3 

Mature area 

0.684 

(ns) 

10.0 

± 

2.1 

9.1 

± 

3.2 

9.9 

± 

2.0 

9.0 

± 

2.8 

8.0 

± 

1.4 

Total average 

0.318 

(ns) 

8.5 

± 

1.2 

8.2 

± 

1.9 

9.0 

± 

0.4 

8.0 

± 

1.2 

7.5 

± 

0.6 

Q 

Wood density (g/cm ) 


















Near pith 

0.200 

(ns) 

0.43 

± 

0.11 

0.35 

± 

0.12 

0.37 

± 

0.05 

0.37 

± 

0.06 

0.34 

± 

0.08 

Juvenile area 

0.695 

(ns) 

0.53 

± 

0.09 

0.48 

± 

0.09 

0.53 

± 

0.05 

0.52 

± 

0.08 

0.48 

± 

0.07 

Mature area 

0.973 

(ns) 

0.66 

± 

0.05 

0.60 

± 

0.45 

0.64 

± 

0.06 

0.65 

± 

0.09 

0.65 

± 

0.05 

Total average 

0.327 

(ns) 

0.60 

± 

0.04 

0.56 

± 

0.06 

0.58 

± 

0.06 

0.60 

± 

0.06 

0.56 

± 

0.06 


Values with different letters were significantly different by Tukey’s post hoc test at P < 0.05 
ns not significantly different 
* Significantly different at P < 0.05 
** Significantly different at P < 0.01 
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The boundary between juvenile and mature wood 

We found that the lengths of wood fibers became stable at 
approximately 49 mm from the pith, where the increases in 
fiber length (AD) were 0.3%. The distance of the boundary 
between juvenile and mature wood in all provenances 
examined ranged from 45.8 to 52.0 mm from the pith 
(Table 2). 

The mechanical properties of juvenile wood are poorer 
than those of mature wood [22-25]. Therefore, the site of 
the border between juvenile and mature wood is an 
important determinant of wood quality. For tree-breeding 
programs focused on timber or saw logs from Acacia 
mangium , the selection of trees with minimized juvenile 
wood is essential. The distance from the pith of the 
boundary between juvenile and mature wood differed sig¬ 
nificantly among provenances (P = 0.016). The Daintree 
and Sidei provenances had narrower juvenile regions than 
the Ellerbeck Rd. Cardwell, West of Morehead and El 
Arish provenances. Therefore, these seed provenances 
might be good candidates for Acacia mangium tree¬ 
breeding programs. By contrast, there were no significant 
differences in terms of DBH (P = 0.733), tree height 
(P = 0.093), height of free bole (P = 0.932) and propor¬ 
tion of mature wood area (P = 0.985) among provenances 
(Tables 1, 2). 

Figure 3 shows that the diameter of breast height (DBH) 
had no correlation with the distance of boundary between 
juvenile and mature wood from pith (P = 0.402). This 
result indicates that the distance of boundary between 
juvenile and mature wood from pith is not affected by the 
diameter of stem. Acceleration of radial growth might be 
useful for Acacia mangium tree-breeding programs to 
produce wider mature wood. 

Anatomical characteristics of wood 

In general, wood density is a key indicator of wood quality. 
In hardwoods, wood density is determined by cell wall 
thickness, cell diameter and the frequency of vessel ele¬ 
ments [26]. Thus, the anatomical characteristics of wood 
are closely related to the mechanical properties of wood. 
Parameters of wood fibers, such as fiber length, fiber wall 
thickness and fiber lumen diameter are important for pulp 
and paper production, because the physical properties of 
sheets made from hardwood pulp fibers are dependent on 
the characteristics of the fibers. The thickness of the fiber 
wall is an important indicator of most properties of paper, 
because thick-walled fibers are associated with high tearing 
strength. 

In all studied provenances, the fiber wall area (%) and 
fiber wall thicknesses were lowest near the pith and 
increased from the pith to the bark side of the stem 


(Fig. 4a, b). There were no significant differences in terms 
of both fiber wall area (%) and fiber wall thickness among 
provenances in the region near the pith (P = 0.511 and 
P = 0.478), in the juvenile (P = 0.648 and P = 0.322), in 
mature wood (P = 0.867 and P = 0.711), and in total 
averages (P = 0.939 and P = 0.880). Fiber walls in the 
juvenile wood were thinner than in the mature wood. Fiber 
wall thicknesses in all studied provenances ranged from 1.1 
to 1.3 pm near the pith, from 1.6 to 1.9 pm in the juvenile 
wood, and from 2.5 to 2.6 pm in the mature wood 
(Table 2). It was reported previously that the average 
thickness of fiber walls in Acacia mangium ranged from 1.5 
to 2.5 pm [27], while the average of thickness of fiber 
walls of 8-year-old Acacia mangium grown in Malaysia 
was around 4.5 pm at breast height [28]. Differences 
among thicknesses of fiber walls might be due to genetic 
aspects of planted trees or to differences among site 
conditions. 

In contrast to fiber wall thickness, the diameters of wood 
fibers of all studied provenances decreased slightly from 
the pith to the bark side (Fig. 4c). The diameters of wood 
fibers of all observed provenances ranged from 26.5 to 
28.7 pm near the pith, from 24.9 to 26.4 pm in the juvenile 
wood, and from 23.1 to 24.2 pm in the mature wood 
(Table 2). There were no significant differences among 
provenances in the region near the pith (P = 0.423), in the 
juvenile (P = 0.656), in mature wood (P = 0.568) and in 
the total average (P = 0.525) in terms of diameters of 
wood fibers. 

Radial variations among vessel lumen area (%) and 
among diameters of vessels increased from the pith toward 
the bark side in all provenances (Fig. 5a, b). Images of 
transverse sections of Sidei provenance near the pith 
(Fig. 6a), in the intermediate region (Fig. 6b) and near the 
bark (Fig. 6c) showed that vessel size depended on the 
position within the stem. A similar pattern was observed in 
Eucalyptus camaldulensis , wherein vessel size increased 
from the pith to the bark side [29]. In all provenances that 
we examined, vessel lumen area (%) and the diameter of 
vessels ranged from 8.4 to 10.0% and 115 to 129 pm in the 
juvenile, and from 13.8 to 17.1% and 146 to 155 pm in the 
mature wood, respectively (Table 2). Similarly, in Acacia 
mangium grown in Malaysia, the average diameters of 
vessels at breast height ranged from 91 to 188 pm [28]. 
Ogata et al. [27] reported that the maximum tangential 
diameter of solitary vessels in Acacia mangium ranged 
from 150 to 280 pm. There were no significant differences 
among provenances in terms of vessel lumen area (%) and 
the diameter of vessels near the pith (P = 0.579 and 
P = 0.847), in the juvenile wood (P = 0.489 and 
P = 0.867), in mature wood (P = 0.570 and P = 0.978) 
and in the total averages (P = 0.411 and P = 0.982), 
respectively. 
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Unlike the radial variations in vessel lumen area (%) and 
the diameter of vessels, vessel frequency was almost con¬ 
stant from the pith toward the bark side in all provenances 
(Fig. 5c). The vessel number in all provenances ranged 
from 7.9 to 9.8/mnT near the pith, from 7.1 to 8.5/mm in 
the juvenile wood, and from 8.0 to 10.0/mm in the mature 


0 



Fig. 3 Relationship between diameter of breast height (DBH) and 
distance of boundary between juvenile and mature wood from pith. 
The DBH had no correlation with the distance of boundary between 
juvenile and mature wood from pith 


wood (Table 2). There were no significant differences 
among provenances in the region near the pith 
(P = 0.774), in the juvenile (P = 0.424), in mature wood 
(P = 0.684) and in the total average (P = 0.318) in terms 
of respective vessel frequencies. 

Wood density 

As shown in Fig. 5d, wood density in all studied prove¬ 
nances increased from the pith toward the bark side. Kim 
et al. [14, 20] found, in Acacia hybrid trees in Vietnam, a 
similar radial variation in wood density from the pith to the 
bark side. The wood density in all our observed prove- 
nances ranged from 0.34 to 0.43 g/cm near the pith, from 
0.48 to 0.53 g/cm in the juvenile wood and from 0.60 to 

o 

0.66 g/cm in the mature wood (Table 2). Chowdhury et al. 
[30] reported that the wood density of Acacia mangium 
grown in Bangladesh ranged from 0.50 to 0.62 g/cm . In 
this study, wood densities did not differ significantly 
among provenances near the pith (P = 0.200), in the 
juvenile wood (P = 0.695), in the mature wood 
(P = 0.973) and in the total average (P = 0.327). Thus, on 
the basis of wood density, all of the observed provenances 
are acceptable for Acacia mangium tree-breeding programs 
in Indonesia. 
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Fig. 4 Radial variations in mean fiber wall area percentage (a), fiber wall thickness (b) and fiber diameter (c) in Acacia mangium trees from five 
provenances (five trees for each provenance) 


42 Springer 














192 


J Wood Sci (2012) 58:185-194 


(a) (b) 




(C) 

£ 14' 

12 
in 

£ 10 ' 

t 8 ' 
° 6- 

.Q 4 

i 2 

Z A - 


Oi 

1 1 1 1 1 1 1 1 1 1 1 f 1 1 1 * 

1 3 5 7 9 11 13 15 17 

Distance from pith (cm) 


(d) 

_ 0.8 



5 o 


1 3 5 7 9 11 13 15 17 

Distance from pith (cm) 


- Sidei B West of Morehead -A- Da intree 

Eilerbeck Rd. Cardwell EIArtsh 


Fig. 5 Radial variations in mean vessel lumen area percentage (a), vessel diameter (b), number of vessels/mnr (c) and wood density (d) in 
Acacia mangium trees from five provenances (five trees for each provenance) 



Fig. 6 Light micrographs of transverse sections, stained with safranin, of Sidei provenance near the pith (a), the intermediate region of the disk 
(b) and near the bark (c) showing that vessel size depended on the position within the stem. Bars 500 pm 


Table 3 shows the correlation coefficients for the rela¬ 
tionships between the anatomical characteristics and the 
density of wood. Fiber wall area (%) was more closely 
correlated with wood density than vessel lumen area (%). 
Thus, wood density is mainly influenced by fiber wall area 


(%) in Acacia mangium. In addition, fiber wall area (%) 
was more strongly correlated with fiber wall thickness than 
with fiber diameter. Therefore, trees with wood fibers with 
thicker cell walls are good targets for selection of higher- 
density wood. In terms of vessel lumen area (%), vessel 
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Table 3 Coefficients of correlation (r) between the density and several anatomical characteristics of wood 



N 

Position 



Near pith 

Juvenile wood area 

Mature wood area 

Fiber wall area vs. wood density 

25 

0.82** 

0.74** 

0.70** 

Fiber wall thickness vs. fiber wall area 

25 

0.68** 

0.68** 

0.70** 

Fiber diameter vs. fiber wall area 

25 

0.48* 

0.57** 

0.64** 

Vessel lumen area vs. wood density 

25 

-0.48* 

-0.41* 

-0.42* 

Vessel diameter vs. vessel lumen area 

25 

0.56** 

0.63** 

0.35 (ns) 

Vessel frequency vs. vessel lumen area 

25 

0.33 (ns) 

0.60** 

0.76** 


N Number of samples, ns not significantly different 
* Significantly different at P < 0.05 
** Significantly different at P < 0.01 


diameter was more closely correlated than vessel frequency 
near the pith, but less closely correlated in the mature 
wood. 


Conclusion 

Many parameters of Acacia mangium trees grown in the 
same forest exhibited no significant differences among 
original provenances. However, there were significant 
differences in terms of the lengths of wood fibers near the 
pith and in the extent of the juvenile wood among the five 
original provenances. The Sidei and Daintree provenance 
had longer initial wood fibers and a narrower juvenile 
region than the other provenances examined. Therefore, 
Sidei and Daintree might be more appropriate provenances 
for breeding programs focused on improving wood quality 
of Acacia mangium in the central region of Java, Indonesia. 
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